Objectives. Current structural associations of patellofemoral pain (PFP) are based on 2D imaging methodology with inherent measurement uncertainty due to positioning and rotation. This study employed novel technology to create 3D measures of commonly described patellofemoral joint imaging features and compared these features in people with and without PFP in a large cohort.
Introduction
Patellofemoral pain (PFP) refers to knee pain experienced in either the anterior or the retropatellar region [1] . Typically it presents during adolescence and early adulthood but can also be problematic for older adults [2] . The historical view that PFP is self-limiting has been challenged, with a number of studies demonstrating persistence of symptoms following diagnosis [3, 4] . This has led to the concept that PFP in some forms may represent a pre-osteoarthritic state [5] . Currently, the aetiology of PFP remains unknown; however, the prevailing theory is that PFP is the result of structural malalignment and patellofemoral maltracking leading to excessive joint stress [6] and potential subchondral overload [7] . A number of studies have demonstrated structural differences within the patellofemoral joint (PFJ) between PFP and asymptomatic individuals [6, 8] . However, these findings were predominantly based on radiographic methods that have inherent limitations arising from their 2D methodology [9] .
Recent literature has reported a number of MRI features associated with PFP [10] . Features such as patella mediallateral position and patella tilt have been reported to be associated with PFP in small cohorts [10] . These studies typically used methods originally designed for radiographs and applied them to single MRI slices [9] . This type of '2D' measurement is not optimal, as it does not control for the position of the leg within the image. For example, a difference in patella alignment or shape may be genuine or may be caused by the object's pose, the combined relative position and rotation of the bones [11, 12] . From a practical perspective, these manual assessment methods are also user-dependent and time-consuming, making it difficult to analyse features for large datasets [13] .
Using 3D quantitative analysis, utilizing active appearance models (AAMs) [14] , provides a solution to these recognized imaging shortfalls. This analysis uses the statistics of shape and image information, calculated from a training set of images, and uses the resulting model to match to new images [15] . This automated segmentation is capable of accurate identification of the shape and appearance of bone, providing an accurate, faster and highly reliable solution for analysing large imaging datasets [14, 16] . A major benefit is that the 3D imaging measures are not influenced by the pose of the object [17] .
Some previous studies have considered the shape of the PFJ using statistical shape models [18, 19] , but these have included only asymptomatic individuals in small cohorts and have failed to consider the differences in the PFJ anatomy that exist between gender [20, 21] . The primary aim of this study was therefore to use modern image analysis technology to investigate the differences between 3D imaging features (based on existing radiographic measures) and overall bone shape for people with and without PFP in a large cohort, and to investigate whether any single 3D imaging feature, or combination of features, was associated with the presence of pain. As evidence suggests there are differences in PFJ morphology between genders [2022], the secondary aim was to validate the measures used by exploring whether these features could significantly discriminate men and women.
Methods
Data were taken from the publically available Osteoarthritis Initiative (OAI) database, a multicentre, prospective, observational study with a database of 4796 people aged 4579 years with both clinical and MRI data available. Details regarding the MRI protocol and sequences used are described elsewhere [23] . Crosssectional clinical and MRI data were selected from the 24-month follow-up time point, being the first time point at which knee pain location was first assessed. The full OAI database can be found at: http://www.oai.ucsf.edu/ datarelease/. All patients at each institutional review board-approved study site provided informed consent. The OAI study and the public use of all data used in the study were approved by the Committee on Human Research, University of California, San Francisco (Institutional Review Board approval number 10-00532). The study has been reported here in accordance to the Strengthening the Reporting of Observation Studies in Epidemiology guidelines [24] .
Our PFP group was selected based on fulfilling all the following criteria: the presence of pain reported in the patella region by the participant (using a knee pain map); knee pain when using stairs-taken from the WOMAC pain subscale question; and a tibiofemoral joint KellgrenLawrence (KL) grade of 0 in at least one knee. Participants with any history of knee surgery in either knee, including replacement surgery, were excluded from the analysis. When bilateral knee pain was identified, the knee with the highest pain score with stair use was selected. If both knees had the same severity of pain, the right leg was chosen. One knee was selected for the control group based on fulfilling all the following: no pain in the patella region indicated by the participant; overall WOMAC score of 0; a numerical rating scale score of 0; KL grade of 0; and no history of surgery.
The bone surfaces for the trochlear femur and the subchondral patella were obtained by automatic segmenting using AAMs. The AAMs for the femur and patella joint surfaces (Fig. 1A) were built from an independent training set of 96 examples acquired using the double-echo steady-state with water excitation (DESS-we) MRI sequence chosen so as to contain examples from each stage of OA. Anatomical regions of subchondral bone were outlined on the mean patella and femur shapes using the correspondence points of the model, as previously described [16] . In this case, the PFJ surfaces were identified (Fig. 1A ). An advantage of this method is that each automatic segmentation of an individual PFJ surface is automatically fitted with a dense set of anatomically corresponding landmarks, which can be used for measurements or for registration of examples.
This study relies on the ability of the AAM to accurately represent the 3D shape of the trochlear femur and the patella. Accuracy was assessed using 96 leave-one-out models, which were then fitted to the missing example. Distances from the known 3D surface to the AAMsearched surfaces were calculated as point-to-surface distance (millimetre) at each point in the model. Mean error (calculated using the root-mean-square method), and 95th percentile errors were calculated.
The patellar sub-region was defined as the subchondral area of the patella, together with a 'halo' of $10 mm around the subchondral plate. The femoral sub-region was defined as the trochlear subchondral region of the femur, using the anterior edge of the menisci as the boundary of this region, plus a similar halo around the region. These two regions were combined into a single shape model, describing 95% of the variance in the shape, and the principal components for each individual PFJ surface were recorded.
We evaluated whether there were between-group differences in terms of the following 13 3D imaging features: patella mediallateral position (millimetre), patella inferiorsuperior position (millimetre), patella anteriorposterior position (millimetre), medial patella facet area (square millimetre), lateral patella facet area (square millimetre), medial to lateral patella facet area (ratio), sulcus angle ( ) [25] , congruence angle ( ) [25] , medial trochlear inclination ( ) [26] , lateral trochlear inclination ( ) [26] , patella mediallateral tilt ( ), patella rotational alignment ( ) and patellofemoral contact area (ratio). These 3D imaging features were converted from a range of standard MRI features derived from a systematic review of the literature [10] and shown to be the most commonly reported features.
An outline of the methods used to assess the imaging features, using the surfaces shown in Fig. 1A , are shown in Table 1 . All PFJ surfaces were rigidly aligned with the mean shape, using a least squares fitting method, which fitted only the femur region. The X-, Y-and Z-axes were defined as anteriorposterior, superiorinferior and mediallateral, respectively (Fig. 1B) . The geometrical centre of gravity (COG) was calculated for patella and femur surfaces of each knee separately.
To determine the translation of the patella relative to the femur position, differences between the patella and femoral COGs were calculated along the X-, Y-and Z-axes. Angles between the medial and lateral facets of the patella and femur were calculated as follows: correspondence points within the facets were identified in the model as previously described (Fig. 1C ) [16] , and these masks were used to consistently identify these facets in each knee. For each knee bone surface, a plane was fitted to each of the medial patella, lateral patella, medial trochlea and lateral trochlea facets, and the angle calculated between the pairs of planes projected onto the X-, Y-and Z-axes.
Patella contact area was defined as the area of patella surface, which intersects with vectors normal to the trochlear femur at each correspondence point (based on the mean model; Fig. 1A) , and expressed as a ratio of the total patella surface area. The sulcus angle, congruence angle and both the medial and lateral trochlear inclination angles were measured using planes established in the mean model ( Table 1) . The relationship between the area of the medial and lateral facets was expressed as a ratio (medial patella:lateral patella ratio). Patella tilt and rotational alignment were established by rigidly aligning each individual patella with the Calculate the patellar facet angle as per the sulcus angle, but using the patellar facets. Congruence angle is sulcus angle minus the patellar facet angle (continued) mean patella, and recording the rotation from the mean patella. For the direction of patella tilt and rotational alignment see Table 1 .
Statistical analysis
Statistical analysis was carried out in SPSS version 21.0 (IBM Corp., Armonk, NY, USA). Descriptive statistics were used to describe the main characteristics of the study population and are presented as mean (S.D.) where appropriate for continuous variables, and frequency and percentages for categorical variables. For simple comparison between groups, independent-sample t-tests were used to compare the mean differences for all the 13 3D imaging features. Graphical exploration of the The angle between a plane fitted to the medial trochlear of the femur (see Fig. 1 ) and the mediallateral axis (Xaxis), when viewed along the Y-axis
Lateral trochlear inclination ( )
The angle between the lateral trochlear femur and the mediallateral axis in the axial plane
The angle between a plane fitted to the lateral trochlear of the femur (see Fig. 1 www.rheumatology.oxfordjournals.org data was performed to ensure that assumptions of normality were valid prior to performing the t-tests. To adjust for multiple comparisons, a Bonferroni correction was made and the level of significance set at a = 0.004 (0.05/13). Logistic regression models were used to identify whether any of the 3D imaging features, or a combination of features, were associated with PFP. Firstly, univariable models were performed on all 13 features to establish their individual association with PFP. For the two ratio variables (medial patella facet area to lateral patella facet and patellofemoral contact area) values were categorized based on the median value as lower than median and higher than median. This was then followed by multivariable models adjusted for gender. To achieve parsimony and also mitigate the effects of collinearity, the relationship of a selected number of 3D imaging features was considered for the multiple logistic models. The variable selection was based on the directed acyclic graph approach [27] , which has been employed in other studies [13] to allow appropriate model specification. This approach results in parsimonious models being chosen without the risk of over-adjustment, although causality was not explicitly assumed from our models. An imaging feature was thus excluded from the model if one or more of the other imaging features were required for its formation and thus highly correlated. Accordingly, the medial patella facet to lateral patella facet ratio and patellofemoral contact area were omitted, as they are formed using both the medial and lateral patella facet area. The congruence angle and sulcus angle were omitted, as they are both built from the medial and lateral trochlear inclination. As some participants had a contralateral knee that was greater than KL zero, a sensitivity analysis was also performed, excluding all participants that did not have bilateral KL zero knees.
Linear discriminant analysis (LDA) of 3D shape explored whether any overall 3D shape or spatial position of the bones could discriminate between those with and without PFP, irrespective of the pre-selected 13 imaging features. The validity of this approach was examined by assessing if the method could discriminate between men and women, who are known to have different bone shapes [21] . Using the masks in Fig. 1 , the bone surface of the trochlear femur and the subchondral patella were extracted from each knee (533 knees). These corresponding points were used to build a shape model of the isolated PF joint, which accounted for 98% of the shape variance. This resulted in 40 principal components. Subsequently, individual PF joints were represented as a series of principal components, which taken together provide an accurate representation of the 3D shape of the two bones and include the position and articulation of the femur and patella.
LDA of two groups expressed as 40 principal components is expected to find at least one hyperplane capable of separating out the groups (expressed as the distance between the two means of the groups projected onto the LDA hyperplane). To assess whether the separation achieved by LDA of the groups was better than that expected by chance we used a Monte Carlo experiment. For 10 000 repeats, each knee was randomly assigned a label in the same proportions as the dataset. A pseudo P-value is calculated from the number of repeats, which provides a better segmentation than the actual labelling.
Results
Based on our inclusion criteria we included 115 in the PFP group and 438 in the control group. The mean (S.D.) age was 59.7 (8.78) years for the PFP group and 63.6 (9.14) years for the control group, with 58.2% and 52.9% women in the PFP and control groups, respectively. The mean (S.D.) BMI was 27.5 (5.29) kg/m 2 for the PFP group and 26.9 (4.52) kg/m 2 for the control group.
Overall group comparison showed no statistically significant differences between people with and without PFP for any of the 13 3D imaging features (all P > 0.004) ( Table 2 ). In addition, the sensitivity analysis similarly showed no statistically significant differences for any of the 3D imaging features (data not shown).
Univariable models showed no association between the individual 3D imaging features and PFP (Table 3) . Results from the multivariable models revealed that combining 3D imaging features also showed no significant association with PFP (P > 0.05) and all the odds ratios remain close to the value of 1 indicating a lack of relationship to pain having adjusted for gender ( Table 3) .
The results of the LDA showed that the overall 3D shape was unable to significantly discriminate between the group with and without PFP showing a classification of 55.5%. The pseudo P-value from the Monte Carlo experiment was 0.79, indicating that the PFP/without PFP labelling separated out the groups no better than random chance. In contrast, the overall 3D shape was able to significantly discriminate between men and women with a classification of 90.6%. The pseudo P-values from the Monte Carlo experiment were <0.0001, indicating that it is unlikely that there is any labelling that separates the groups out better than gender.
The root-mean-square method mean point-surface accuracy of the femur and patella AAMs was 0.12 mm, 95th percentile 0.38 mm. The voxel sizes were 0.36 Â 0.36 Â 0.7 mm. This demonstrates that the model is accurate at almost all points to within 1 pixel on the screen.
Discussion
Our findings suggest that when commonly used patellofemoral imaging features are examined using careful 3D quantification, no statistically significant differences are found between a group with and without PFP. Furthermore, no single 3D imaging feature, or combination of features, was associated with the presence of PFP. The LDA experiment shows that, given bone shapes fitted with sub-voxel accuracy, there is nothing within the 3D shape of the joint able to classify the presence of PFP better than chance, at least using shape expressed as principal components.
The finding that there is no association of the 3D imaging features with PFP is robust in this analysis but is in contrast to previous reports based on 2D imaging in the PFJ literature [6] . A recent review [28] of patellofemoral morphology in patellofemoral OA (PFOA) demonstrated strong evidence that PFOA is associated to trochlear (femoral) morphological features. A possible explanation for the contrast to our findings is highlighted by a previous study [29] of 30 knees assessed by MRI, which also found a lack of differences in femoral shape between people with and without PFP. By subgrouping people with PFP into lateral and non-lateral maltracking groups, Harbaugh et al. [29] found that these subgroups lie on opposite sides of the healthy average, suggesting that underlying subgroups may be masking the differences between people with and without PFP [29] . A lack of established thresholds to define PFJ imaging feature subgroups did not allow this to be verified in the current study. Further contrast to our findings is demonstrated by an MRI study of 240 knees [30] that showed that a medially inclined patella (similar to medial patella tilt in this analysis) was associated with less pain. This disparity may be because the assessments were performed on a single MR slice at the mid-point of the patella in the sagittal plane, and as noted previously, these methods may be open to measurement error by not controlling for relative limb position and orientation. Shibanuma et al. [12] showed that alterations in limb position led to statistically significant differences in the PFJ features recorded for both men and women. Patella alignment values including mediallateral position and tilt have been shown to be influenced by the relative tibial and femoral rotation and varus angulation [11] , while single slices along one plane are known to misrepresent the true anatomy of the PFJ [31] (see Fig. 2 ).
All the PFJ imaging features employed in the current study have been published previously [26, 30, 32, 33] . Our findings are comparable to a previous study that analysed trochlear morphology in 881 middle-aged knees using MRI [34] . Stefanik et al. [34] reported similar values for sulcus, lateral trochlear inclination and medial inclination angles of 130.9 , 25 and 24.4 , respectively, though the novel assessment methods used here preclude direct comparison with that study. This is because, in contrast to traditional methods, the geometrical COG was used here as a more representative reference point for 3D shape. The use of statistical shape models has also been applied previously in the PFJ [18] ; however, this is the first time these methods have been employed on a large, symptomatic group with a comprehensive range of traditional features converted into their 3D equivalents.
A growing evidence base suggests that PFJ imaging features are influenced by gender [2022] . Validation of these new 3D imaging features was achieved by using the shape data from the 3D imaging features, coded as principal components, showing that gender is classified at a 90% level of accuracy. This is similar to the classification of 93.5% in sex determination using 3D CT features of the patella in vitro [21] . Our model expands on this work by applying 3D MR imaging features from both the patella and femoral trochlea in vivo. Given that there are significant differences by gender for PFJ imaging features, it seems likely that previous studies have been affected by a mix of genders within their sample. A recent review [10] of the imaging literature in PFP shows that of studies including mixed gender cohorts, 80% failed to report women and men separately. Therefore previous studies may simply have been describing differences related to their gender mix. As a result, it is recommended that future studies follow the lead of recent studies [35] by reporting gender separately or conducting single gender analyses.
There are limitations to this study. This analysis was conducted on a sample older than a typical PFP patient and thus caution is advised in extrapolating these findings to a younger population. While all selected patients had KL grade 0 within the tibiofemoral joint, there were no lateral or skyline X-rays available to view the PFJ radiographically. Without lateral or skyline X-rays we cannot assert that all participants were without radiographic PFOA; however, previous studies have suggested that in the absence of OA in the tibiofemoral joint, $75% of this age cohort will have no other compartmental OA [36, 37] . Also, the features were based on MRI images taken in   FIG. 2 Apparent shape of the patella after small translations and rotations 1) Shows the outline of the mean patella in the coronal plane; 2) outline at the same height in the coronal plane but with patella rotated by 10 around the medial-lateral axis; 3) outline at the same height but with the patella rotated by 10 around the anterior-posterior axis; 4) patella translated 10mm superiorly, plus both rotations (2) and (3). The overall outline of the patella varies despite being the same 3D shape and object.
non-weight bearing with no knee flexion. Weight bearing and knee flexion are known to influence the features observed [7, 10] . In the current study, participants were selected based on clinically determined PFP associated with localized pain to the patella and pain on descending stairs, features known to have a strong clinical association with the diagnosis of PFP [38] . PFP was based on a single time point (24 months) and pain based on a dichotomized value (pain/no pain) rather than a graded severity scale.
Despite being a large sample size compared with previous literature, the sample size is probably still small considering the high dimensionality of the data, which may have limited the power of the analyses to detect differences. Our analysis included a range of quantitative 3D measures, together with an examination of the principal components from the associated shape model. The use of principal component analysis for one of the measures may have resulted in the loss of some 3D information, and it is possible that other advanced methods of shape analysis and machine learning could reveal a relationship that our methods cannot.
In conclusion, using 3D quantitative analysis, no statistically significant differences were found between people with and without PFP. These 3D findings are in contrast to the current perception, which has relied on studies using what are effectively 2D measurements applied with a lack of consistent joint positioning. Analyses of the overall 3D shape in relation to gender validates these novel measures and suggests future PFP cohort analyses should be stratified for gender. Further work is needed to assess whether 3D quantitative analysis can discriminate shape differences related to PFP in a younger population, more characteristic of PFP.
